To achieve uniform thickness of coated films using non-Newtonian fluids, we are often required well-designed geometries of flow channel in a slot die. This is the case especially for fluids with the properties of both shear thinning and yield stress which is non-negligible in a range of low shear rate such as in an intermittent die coating. In the present work, flow in the slot die has been studied using Herschel-Bulkley fluid expressing both shear thinning and yield stress. The Herschel-Bulkley fluid includes power-law and Bingham fluid models comprehensively. This fluid model is applicable to many real fluids. We derive simplified equations for the outflow distribution as functions of power-law index, yield stress and the geometry parameters of the die. Furthermore, we propose a useful designing method for predicting the optimum geometry so as to guarantee uniformity of outflow from the die slot, based on the HerschelBulkley fluid. The value of this method is confirmed by comparing it with experimental results and with previous theoretical results for the power-law and Bingham fluid models.
MODEL FOR FLOW ANALYSIS

Geometry Inside the Die
depicts a typical slot die consisting of a cavity and a slot. 20) The cavity distributes a liquid from the inlet to the end of width W. The liquid is then extruded through the slot to form a liquid film on a substrate. The cross section of the cavity is a circle with a constant radius R.
The longitudinal geometry of the cavity is a cylinder, and the slot resembles a rectangular channel bearing a cross section of large aspect ratio. We therefore adopt the cylindrical coordinate system (r, θ, x) for the cavity and Cartesian coordinates (x, y, z) for the slot. For the cavity, x=0 and x=W refer to the inlet and the end of the cavity, respectively. x is normalized as x * = x/W and r is expressed as r
For the slot, the x-axis is taken in common with the coordinate of the cavity. The y-axis shows the direction normal to the flow direction, y=0 being the centre plane between the slot walls; the z-axis coincides with the flow direction, z=0
being the slot inlet connected to the cavity.
The cross-section of the slot in the x-direction is a thin rectangle. The slot gap is written as 2B(x) and the slot length, meaning the distance between the slot inlet and outlet, is L(x). We call the prerequisite parameters needed in designing a geometry (W, R, L, B) the geometry setting parameters. Fig. 1 . Geometry of cavity dies.
Variations of B(x)
Fluids flowing through both the cavity and the slot are described by the following momentum and mass balance equations in each coordination system under isothermal, steady and incompressible conditions. In this case, the inertia term and the body force term are neglected 21) because of the superiority of the yield stress and the viscous stress.
Formulation of Flow Inside the Die
Flow in the cavity
In the cavity flow, it is assumed that the velocity component toward the slot in the cavity is negligible and only the x-component in the governing equation of momentum remains. This assumption was justified by Weinstein et al. 14, 16) and has been used widely. The flow rate through the cavity Q x is given as a function of dp(x * )/dx * by integrating the velocity in the x-direction.
Flow in the slot
It is assumed that the pressure gradient in the where dp/dz We now use the following dimensionless parameters in these equations.
where N HB denotes the ratio of yield stress to viscous stress in the cavity, and is referred to as the generalized Bingham number (it becomes the Bingham number 22) when n =1.). p
is the ratio of pressure to viscous stress in the cavity. An
The flow rate through the cavity is, after normalization using these parameters, where p * '(x * )=dp * (x * )/dx * . Q x * is unity at x * = 0 and zero at
Similarly, flow rate of the slot per unit die width is, after normalization using the parameters in Eq. (10) when we achieve uniformity in the slot outflow. The relation between q z * and Q x * is
Derivation of the Optimum Geometry of the Slot
Outline of the deriving procedure
We derive the optimum geometry of the slot using the equations for both the cavity and the slot. 
Apparatus
The system used in the present experiment mainly consisted of a fluid tank, a power department and a slot die. To overcome resistance due to stress in the fluids, a plunger pump was used.
The dimensions inside the slot die used are : W=0.140 m,
reported here, L(x * ) was set to be a constant L. Also the geometry setting parameters(W, R, L, B) were kept constant.
A segmented device was used for collecting the liquid issuing from each position of the slot exit for a time, so as to measure the distribution of flow rates at the slot exit and to determine the outflow deviation along the x-direction. It follows from Eqs. (17), (18), (19), (26), (27) and (31) Furthermore, the Herschel-Bulkley fluid has less resistance due to shear thinning towards the inlet of the cavity, which causes an increase of the slot flow rate.
Comparison with Algebraic Analyses in Previous Studies
To compare the present analysis with previous algebraic studies it is necessary to examine the influences of shear thinning and yield stress separately, since it is difficult to find previous studies dealing with both influences at once.
Next, the present analytical method is compared with
Gutoff's method for investigating the effect of shear thinning, as exhibited by the power-law model.
8)
Gutoff gave the following equations for the optimum geometry. 
Comparison between Analytical and Experimental Results
As seen above, the slot geometry B(x * ) is a function of only n and N HB when the geometry setting parameters are given in advance. Figures 8 and 9 show the results for optimum slot B(x * ) calculated by varying n and N HB , respectively. Figure 8 shows that the lower is the value of n, the greater the variation in slot geometry, as in Fig. 4 . Figure 9 shows that greater variation is needed for larger values of N HB , as in Fig.5 . Figure 10 shows the experimental results of outflow deviation using Sample 1 in a die having optimum slot geometry. We find that outflow uniformity can be achieved in practice by using the die having optimum slot geometry for Herschel-Bulkley fluid.
CONCLUSION
The present study has clarified the effect of shear thinning and yield stress on flow distributions, and proposes a method for designing the optimum geometry inside the die in the case This study proposes a useful analytical method for the Herschel-Bulkley model, which exhibits both non-Newtonian viscosity and yield stress.
